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INTRODUCTION 
(!, 
v>IJt~ Improved power source and energy conversion systems 
" 
. . ~ ~~ 
· represent one of the most important long-range problems facing 
the worldo A rapidly ino~easing population and an increasing 
per capita usage o~ energy, coupled with declining fuel re-
1 
serves, poses this serious problemo 
f..~--- ' 
\ This problem is lead-
ing us to direct energy conversion systems. 
Ao COMPARISON OF DIRECT ENERGY SYSTEMS WITH CONV]ITIONAL 
SYSTEMS FOR CONVERTING ENERGY ( 1-4) 
The conversion or the chemical energy of a fuel into 
electrical energy by conventional means suffers from an un-
avoidable limitation imposed by thermodynamics. This lim1ta-
, .... _; 
tion applies to, any process converting heat. into work and de-
_ rives from the nature or heat itself. (llhen heat is converted 
into another f'orm of ener,gy, it must !'all f:rom an absolute 
r-·-·' c· temperature Tri to an absolute temperature T0 , and the maxi-
mum fraction that can be conve~ted under ideal conditions is 
Tri-Too\_ This is the Carnot effioiencyo 
Th 
' 
,.. 
Conversion of the chemical energy of a fuel into alee-_ . 
trical energy by eleotroohemioal means never involves the 
conversion of heat into work. The process is essentially 1 
v-....-
1 so thermal and e0soapes the Carnot 1)1mitationso 
' 
.\ ,~ .. r 
I 
•· ..... ------· ..... ' 
• 
' ' 
() 
\ 
~-
2 
The thermodynamic principles are represented by the 
relationship 
M = M - TM 
where 6G is the free energy change of the system. The maxi-
mum electrical work which can be obtained under reversible 
operation of the cell is equal to 6Go Thus the eff ic·ienoy in 
the ideal ease is 
7?._ id=;= 1 - TM 
''M 
The maximum possible efficiency then depends on the entropy. 
Given an eleetroohemical system., one is more li~ely 
' -
-
to be interested in the efficiency on the basis of 
/ 
M = -nE°F 
where n is the number of electrons involved in the reaction, 
F ls the Faraday constant, and E0 the theoretical vol~age. 
Thus, our ideal efficiency becomes 
1 id= -:°F ' . 
A comparison of the conversion efficiencies shows that 
"· . for conventi9nal methods, the maximum efficiency to date is 
about 40 per oento ~However, the direct conversion systems 
'Ja.ppear to have ideal efficiencies of 80 - 100 per cent. 
1., _____ ••• --"-0 
Figure 1 ( 3) gives a schematic comparison of the two systems • 
• 
One of· the direct e~ergy conversion systems r·eceiving 
'much attention is the fuel .cello A ·ruel cell may be defined 
.. 
r, 
(l)(5iB) as an electroohe~ical device in which the chemical 
I ...• • 
" 
._. 
energy of a convention.al fuel <is converted directly, oontin-
, ' . 
uously, and usefully, into low-voltage direct~current electr-
ical energyo 
r.llZh- . 
,. 
,. 
',•;. 
,••, .•••.: 
. ,. ... ~·~· ... ,.,., ........ , .. , --···-··· ... -. ----- ·····-
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V. 
fHERMODYNAM IC AND 
POLARIZATION LOSS 
DIRECT ENERGY 
C0NVERTOR 
,..-
' ' ,-,.,7, \ 
. ...__, 
'-..,-' 
COMBUSTION 
. LOSS 10% 
55-25% 
. 
NET USABLE ENERGY 
45-75 % 
THERMODYNAMtC . ; . 
LOSS 45% l 
HEAT LOSS 2'% 
.---~ NET USABLE .._ _ ____. 
.< 
,. 
I 
BOILER JEAM TURBINE . Q 
INPU1,l). 
· ENERGY-:~2;;-· ENERGY· 34% 
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; '\ GENERATOR 
'<1 '"---------
..... , -.: . MECHANICAL AND 
i'> f HEAT LOSS ~% · ·.~ 
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·~ . FIGURE I 
- SCHEMATIC COMPARl&)N OF EFFICIEf'CIES OF CONVENTlONA·L~ 
. GENERATING EQUIPMENT AND D,IRECT ENERGY CONVERSION ~-: 
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I. 
Inherent simplicity and high efficiencies make the 
fuel cell very attractive. There are, however, other s.dvan-
,., • &' ., 
ta.gas which are paramount: (1) Fuel cells are· noiseless and 
have no moving parts, (2} they are clean and generate less 
~ 
.heat and toxic fumes than do internal coriib.ustion engines, 
(3) unlike batteries, they do not need recharging, and (4) 
they have high power per unit volume or weight. 
B. HISTORICAL DEVELOPMENT OF FtJELCELLS 
,A\,, 
. ( -~, 
The concepts of the fuel ce'l1. are not new. As ellrlr 
as 1801 a. fuel cell using .zi~o and oxygen was built by 
6 
Ds.vy<5). However, he did not' recognise this cell as such. 
'-, j1 . 
In 1839, Sir William Grove. (9)~- who, is considered to be the 
father of the fuel cell, oons).~.!!cted a itchemi4oal battery using 
platinum catalysts in which the familiar water-forming reac-
tion of hydrogen and oxygen _generat.ed an electrical current. 
However, due 
foll.owed up. 
' . 
' 
to the high cost of 'Pl~tinum, "thi.s idea was not 
\ 
Fifty years 'later, Mo~d and
0 
113.ngel" ( lO) develop-
. . a 
,,. 
ed another version of this device· which ope-rated. on air or 
oxygeno 
I 
It was not until 1932 when Bacon<?) 'begall working on 
. ~ 
l . 
the idea of fuel cells that any large q·uantity of research 
... 
was extended 1n this area. In 1944, the work towards the de-
~elopment of ~ practical fuel cell was_.". initiatedo Since 
~ . 
tf:Lat time., many industrial firms and inst+ tutions have done. 
, . 
considerable work in rthe field of fuel oellso This last 
,. 
.... 
·., ·.·-· 
.,.,._ 
) 
. -
,' 
,. 
·;-· 
.... - ·: 
I ' 
'\ ··-• r_, 
! 
- ··' f 
-. 
work has been thoroughly- oQvered in many oonferenoe proceed-
ings(ll-l3} B.nd journals. (B}(l4-l6) 
.? 
Co TYPES OF FUEL CELLS -- CLASSIFICATION 
Three types of fuel cells have been under investiga-
5 
. \ 
tion, distingu\shed largely by their temperature of operation. 
They are the low--temperature cells which operate in the tem-
perature range from room to 100° C, the ~ediwn=temperature ·. 
oells which operate in th~ range of 150-250°C, and the high-
, 
temperature cells which operat·e in the range of 500-1000° C. 
\. 
Considerable sue cess has been obtained in research and 
development work on the low- and medium-temperature cells in 
recent years.(ll-l?) In the medium-temperature category the 
(7) . . 
. Bacon cell has reaohe,d the highest st·ate of development up 
_to the present o Work has been conducted on the high--tempe ra-
ture fuel cell in several laboratorieso(8)(11-16} 
The l~w- and medium-temperature cells appear to have 
a relatively restricted area of· application at their present 
j 
· state of developmento This is true at least as long as pure 
...... 
hydrogen and oxygen are required as fuel gas and oxidanto 
': \ 
It is ·oie~r that utilization of relatively impure gases such 
as water-gas or producer gas, the use of air rather than oxy-
gen, and atmospheric pressure operation would be ~equired 
before the low~temperature cell could become intere~~in~ as 
~.~\ 
''1t~( 
~ basic power sourOeo 
ii __ .,. -
JXi 
"3 c... (! 
· i- . ~-~~ JR? l 
\."/i<' ·- V 
) 
I 
I The high-temperature ruel cell has a much larger poten-
\ 
tial area. of application for two reasons: (1) it oan acoommo-
,, 
-
I, r··-·• 
·, 
.. 
6 
d-ate relatively},oheap fuel gases, and (2) high over-all elec-
trical efficience can be achieved. 
The work carried out in this present ~~jdy was for a 
' ~ . 
low-temperature fuel- cell ope~ating with hydrogen as the 
fuel gas and oxygen as the oxidant. 
1< f .... --,-l, 
, -· __ .'.·-- -~--o 
Do OPERATIONAL FEATURES OF A HYDROGEN-OXYGEN FUEL CELL(3,5,7,l?) ' 
Hydrogen and oxygen burn to produce water in ·'order to 
) 
. reaoh a lower energy stateo However, at ordinary temperatures 
and pressures, additional activation energy is needed to 
raise the molecules to the energy state at which the reaction 
will ignitai this energy barrier ordinarily prevents the 
reaction from proceeding at room temperatti.reo By proper 
choice of a catalyst, this energy barrier will be lowered 
and the reaction will proceed rapidly at room temperature. 
Catalyst selection discussion will be deferred until later. 
The cell (Figure 2) consists of two poro\:is· el.ectrodes 
separated by an electrolyte, which in this case is a.27% 
potassium hydroxide solution. At the fuel electrode or 
anode, hydrogen gas is fed to the electrod~ under pressure 
and diffuses into the electrodeo The hydrogen molecules (Hg), 
assisted by~ catalyst embedded in the electrode, are ohemi~ 
aorbed on the internal surface in· the form of atomic hydro-
'li",.:, 1;) 
gen(H)o The hydrogen atoms then,,;>.migra.te 1,nto the reaction 
zone (the three~phase boundary between gas, electrolyte, and 
solid) and react with the hydroxide ions or the electrolyte 
to form water and release eleQtronso Summarizing the fu~l 
electrode reactions: .. 
+·,.",;. ' .,/ ...... 
. '.' 
. ; I 
....•. 
~ ' 
1: 
I 
/I 
...... ''' ·, '.'.' ,,.,, .. , .. , .... ,., ,., ~-,-~- ... 
-~ 
\ ' 
.tr ·· · 
,. -~ 
·--
.. .· 
.-;,: 
,,. 
·---·-··--~·--·-· -
I 
... I 
-· ·- ·----- --. . . ·-
\ 
· · 'FIGURE 2 - TYPICAL HYDROGEN-OXYGEN 
FUEL CELL 
r.;.. --- M · --, 
I ... ' 
. ~ 
~ HYDOOGEN 
I 2 H 0 
r2 
··" .. 
7 
. _,_ .. 
i:i. 
~~- WATER 
.__ _ ___......__....__ __ ~~-_.. ~ 
A NOOE CATHODE 
;,, 
. , . 
... 
~;· 
.. 
; 
·\... ,· ' 
. ·'r 
._, 
' ( 
J" 
' .•. ~ . ··/ 
r 
. ) 
, ~ 
' , ·' 
(1) 2H8 (free) 2H9 (chemisorbed) 
(2) 2 H,a (,ohemisorbe1d) '-+ 1. 4H ( chemisorbed) 
( 3) 4H ( chemisorbed) +:, 4·( OH) - -+ 4 H2 0 + 4e -
and the net reactton is: , 
r·· 
• •. ,r· ~ 
.... 
,, 
~ 
' ' 
8 
.\" . 
·,: 
After the electrons are released at the fuel electrode, 
; 
they are conducted through an external·circuit where the 
electrons oan perform ~sef~l work· and then/to the oxygen 
eleotrodeo 
\ 
At the oxygen electrode or ·1:lathode, the molecular 
' 
oxygen supplied from an external source is introduced into 
\ 
the electrode and is then ohemisorbed on a catalytic sur-
face prior to reactiono After ohemisorption, the oxygen 
molecules m-1:grate into the reaction zone of tJ1e electrode 
\ 
and combine with the electrons from the fuel electrode and 
( 0 
. I water from the electrolyte to form hydroxyl ions. The, hyd-
roxyl ions pass into the electrolyte to replace those con-
sumed concurrently at the hydrogen eleot~ode. 
these reactions: 
(5) o. { free) ... Oa ( ohemisorbed) 
. 
{6) Oa ( chemisorbed) + 2HaO + 4e~ -+ 4( OH)_-
and the net reaction is 
(7) o. (free) 2H,a0 +·48- 4{0H)ca ',_j + -+ 
., 
.. 
·" The overall cell reaction can now· be .found by addirig 
' . . 
reactions (4) . and t.( 71) : '' ...... ,, ' ' 
(4) 
) (7) . 08 + a~o + 4e-. -~ 4(0H)"' 
, 
... 
/! 
.. , 
\ .. 
\. . ' ".' \ : 
.(· 
.... 
'! 
; 
) 
·~.:· __ , __ ··;-.:.;,-___ ~,,.. .. ~.- ,- ..... .__ 
,. 
·~·,, l '' ,~,o 
.. 
·, 
' ... 
.. \ 
•·. 
r 
to give , 
( 8) 2Hs O + 08 · ~ 2 Ha 0 
Q 
When the o.iroQ.it is clo·sed and the resistance across 
. ,.__, 
the external circ.u,it between the eleotro~es is high, th:e 
·-~ 
: . ' 
_ .rea·otion prooee·ds a~ a· rpoderate rate, and a high percentage 
of the reaction.energy is released ~s electricityo ·Part ·of 
the energy- is expended· at all1-'_ time·s in driving the chemical 
' 
. ..-. .... 
~ .-reactions over. the barr{ers of the activation energies' ,of'· 
' ' h 
the reactions inside the cell.and-to ~ve~oome internal po-
larization; 
f • 
~ 
, · 'The total pol~rtzatil:m(5) or a fuel cell arises from· 
- ), 
many r:actors which _can be ole.ssi:f'ied into three groups: (1) 
chen1io~l-_ac~ivationpol'8.rization due" to' energy being--oon-
,_ 
' ' 
sum.ad in ~·reparing and causing the reactants to eleotro-
chemie•lly combine, (2) concentration polarization due to f ' 
9 
\ u 
a ·decrease int he \ion and reactant m.ole·cule ·concentration. or 
· ·to an\: increase in the reaction sproduct concentration, and !' 
'11 
, . ;• .... 
(_ 
.': 
-·-· 
... 
• r " 
, ( 3) resistance polarization due ~o ohmic or. electrical re-
"' I 
sistanoes ·to the flow of electrons and ions. It is impossi-
ble to measure the actual contribution o~ every polariza~ 
"' -
tion element, but .. a close appr_oximat ion can be made 'by iso-
lating the total polarization losses of each oell element 
• d 
: ,, (. 
" 
through the use of re~erenoe eleoprodeso By subtracting 
the total polarization losses ~rom the theoretical eel~~ 
voltage, the .. actual cell voltage a.an be obtained (figure 3). 
• r 
. .,',. 
•.. 
' 
, 
I 
, I 
( . I 
,,;d.-~·· 
'( 
, 
•\ 
~. 
:4 
,· .,. j 
·.-.1 • 
l 
,,· 
.. .:... 
! 
" 'v' 
..,.. 
. \, . 
FIGURE 3 - SCHEMATIC SHOWI~ -EFFECT OF,\_/ 
POLARIZATION LOSSES ON. 
CELL VOLTAGE 
C i ,· 
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• 
E. ELECTRODES -- DOUBLE SKELETON CATALYST F'UEL ELECTRODE ~ 
The design of the electrodes for long operating life 
-
at high current densities is by .far the most serious pro.blem 
facing fuel-cell workers. Each elentrode material~ reactant 
gas, and electrolyte system is unique. In general, a good 
; .. ~ 
fuel electrode for uie with caustic electrolytes should meet 
' ' the following ~equirements: 
(a) The activity of the electrode material must be 
such that it corresponds to that of the most 
active hydrogenation catalyst known in order 
to have sufficient hydrogen ion flow at tem-
peratures below 100° Ce 
•. (b) The electrode material must have maximum re-
sistance to poisoning. 
(o) The material must have mechanical ·strength to 
withstand operational pressures to 26,000 psi. 
(d) The material must have good electrical con-
duotivityo 
·· ·(e) The material must permit fabrication with a 
predetermined porosity.-") 
(f) The material must be lye-proofo 
(g) Cost of materials should be as low as possible. 
The single-layer dou;,le-skeleton~9atalyst d\,ff~,io.n 
I 
.. 
_,-.-.: "' . •, .~ -) 
eleot;ode developed b~ .th:~ ti (17) Bleats all 2of these above 
... 
·requirements •. The electrode is fabricated from two materiitts: 
Raney nickel powder and nickel carbonyl powder. 
- - --. ---- - -- - -- - -
r,. 
-.·.--. -------·-·--------·------·-- , ..... . 
> 
.· j • - ---·--·. ·······:---~~---· ·--· --· .... ' ·,t 
., 
1.2 
. 
r 
Raney nickel powo.er is the most active hydrogenat1bn cat-
alyst known. (18-20) · · NOt only is it highly active but it is 
also very insensitive to impurities. The Raney nickel obtained 
by the method of M. Raney(21-23) is a fine-grained, pyrophoric 
powder with a large internal surface which is required for 
catalysts. This catalyst satisfies requirements a, b,, and g, 
~- f 
but not the others. 
In order to overcome 'these difficui~ies, a supporting 
,: macro-skeleton of nickel oa.rbonly powder is introduced. This 
macro-skeleton contains the grains of Raney catalyst whio·h 
form the micro-skeleton and provides the electrical oondueti-
''ti, 
vity and mechanical strength which the catalyst lacks. Toge-
ther, these skeletons provide the pores required for satisfac-
tory operation of the fuel electrode. 
F. DEFINITION OF THE PROBLEM 
The optimum properties of a fuel electrode may be ob-
tained after empirically establishing many parameters such as 
the composition or the Raney nickel rlloy, its graib size and 
that of the supporting skeleton, the compacting pressure, the 
sintering temperature, the sintering time, and the blending 
.,{t .. ·~· ... , .• ,, 
ratio of the micro~ and macro~skeleton materialso The activa-
tion or legching procedure will also affect the properties of 
the electrodeo 
/":_cr\!l In the work presented here, the object wa.s to study the 
effect of compacting pressure and sintering temperature on the 
properties of the electrodee The other parameters were held 
oonstaut and are given in the section for experimental proce-
dure and teohnique. 
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EXPERIMENTAL PROCEDURE AND TECHN!QD~ 
..,.,. 
,. 
:, ' The electrod·e se1·e·oted for study in this thesis was a 
.double-skeleton-catalyst electrode similar to that of Justi(l7). 
Raney nickel alloy number 2813 was used as the cataly.st with / 
Grade B carbonyl nickel powder to provide the supporting skel-
eton. 
Raney alloy number 2813 was procured in fine powder form 
and had a composition oorresponding to 50 weight per cent 
nickel and 50 weight per cent aluminum. According to the 
binary constitutional diagram for aluminum and nickel pro-
vided by Hansen(24), this, alloy should contain two phases: 
NiaA13 , an intermediate phase of trigonal structure which 
forms periteotically at 1133° Cat a composition of 59.1<9 
weight per cent 1 nickel, and NiA13 , a phase of orthorhombic 
···· :l structure forming peri tactically at 85'4 ° C and having a sin-
1:.:t 
gular composition of 42.03 wei9.ht per cent niokel (Figure 4) ·• ... 
Ao ELECTRODE FABR!pATION 
In the preparation of 
Raney alloy with the "B" 
electrodes, the mixture or the 
was the first step. The blend-
ing ratio of the powders was one part by weight Raney a1loy 
" 
to two parts by weight "B" nickel. These were mixed in a ro ... 
tating drum for times of 20 to 40 hoursJ to insure a homoge-
., "\ 
neous powder for fabricating the electrodes. ,') , 
"1- ~;:; ~ 
"'."~ ~,/ .) 
,~ '¥3 '~. 
' )'~ This powder mixture was then compacted into electrodes 
using a stainless ste$l die (Figure 5)o The initial powder 
thioknes~_yin the die was 0.1875 inches :fo:r all ~peoimens. 
This powder was compacted at pressures of approximately :·\ •. - ••• ,. 'I 
)f' 
... , . •' 
.. 
'i 
(\ )\ 
I 
I 
/ 
fil ......... i, '._- •V;~: '<>' ", •.. Ii;, ,'• .. l · ·. '.,.,- ,~-
.. " p .. .. . 
.;.: .. 
). 
, ..... '~ .. . :;ri.",r :.j".·! ,, ,, ·.;_ -. -.: ' .-. : .,. , •. -. - • 
---- j 
-~ 
'·' 
FIGURE 4 - NJCKa-ALUMINUM EQUJLJBRIUM D~ffiAM 
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FIGURE 5 - ELECTRODE COMPACTING 
EQUIPMENT 
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1.5,000, 25,000, and 35,000 psi with the force being supplied 
by a 120,000 pound capacity Baldwin Tensile Testing Machine 
which was ,modified to provide compression loads. 
Following compacting, each electrode.was individually 
.. 
sintered in a 1;esistance ... wound .furnace capable of handl·ing 
various atmospheres (Figure 6). The electrodes were placed 
·, 
on·graphite pedestals inside the furnace chamber arid then 
., 
the chamber sealed. The electrodes were then heated to 
sintering temperatures of 750, 775, and 800° c, under a 
I . . . 
dynamic argon atmosphere. When the electrode had reached 
' . 
the desired temperature, the atmosphere was changed to hy-
, 
drogen and the specimen was held at temperature for JO min-
utes. Then the atmosphere was changed back to argon and 
ethe specimen cooled to less than 100° C. Temperatlire con-
trol was maintained by having a chromel-alumel thermocouple 
inserted into the specimen chamber and maintaining the de-, 
sired temperature by manually controlling the current in 
, the heating elements. 
Following the sintering treatment, each eleotrode·was 
weighed end its dimensions (diameter and thickness) measured. 
The electrodes were then ready for activation. 
CJ· Bo ACTIVATION PROCEDURE 
Various activation or·ieaching procedures have been 
···· ·rec·o~ended in the literature (20-2 3) (25-3l) J however,· none '"' 
of these were duplicated in this work. 
Initial activation was carried out on loose Raney alloy 
powders. The Raney alloy was added to ,a 6N pot~ssium hyd~oxide 
( 
) ,, ) 
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FIGURE 6 
ELECTRODE SINTERING FURNACE 
- · I ' 
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A - Furnace Container 
B - Graphite Pedestal 
C - 'Specimen Chamber 
D - Atmosph,ere Inlet 
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solution which was externally cooled to .prevent exdessi-ve 
heating. The hydroxide attacks the aluminum in the alloy 
and forms an aluminate. The rate of reaction can be follow-
ed b:y observing the evolution of hydrogen which is given off} 
in the leaching prooesso This reaction was carried ot2.t .- at 
room temperature while periodically changing the potassium 
hydroxide solution until no more hydrogen was seen to b·e 
,. 
evolved. Then the bath was slowly heated to 80° C to per-
18 
mit final activation of the oatalysto During this heating, 
the potassium hydroxide solution was periodically replenished • 
. X-ray diffraction analysis was made on the "activated" catalyst 
to determine its structure. ' ' ·1 
Some of the "activated" catalyst powder was then deacti-
vated by heating in air at temperatures of 75 - 200° C for 
thirty minutes. 
was madeo 
Again, X-ray diffraction structural analysis I 
<l 
Another deactivation procedure which was tried was to 
heat the "activated" catalyst for various lengths of time at 
,,-, 
the boiling~ point ,,of 6N potassium hydroxide solution (110-125° C). 
·,,, 
-This temperature was selected because the electrolyte used in 
the fuel cell is 6N potassium hydroxide solutiono However, 
this test was terminated after almost six hours due to a fail-
ure .in the .deactivation container. X-ray diffraction analysis 
, .. 
.. :•as made s,{9;1-~liall specimens to. determine >~he effect of deactiva-
tion • 
The activation procedure used for the electrodes was 
not the same as that for tp.e loose powders, in order to com-
pare data with that .of the sponsor. 
' 
,.. 
t 
I 
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• 
After the electrodes had been sintered, weighed, and 
') 
1 
• their dimensions measured., the/ were placed in a beake'r con-
taining, approximately 100 ml. of lN potassium hydroxide solu-
tion for 24 hours. This was exposed to air and the temperature 
was kept below 50° C. During this 24 hour period, the pota·s-
,.. 
sium hydroxide solution was· periodically replenished. After 
this period, the specimens and beakers were placed in a 
vacuum desiccator which was evacuated for t.imes of 30 to 120 . 
I ' 
minutes and then sealed o:ff o ~y using this evaoua·t1on pro-
oedure, the rate of leaching or acti vatio11 was increased. 
Approximately every two days, the vacuum was released and the 
solutions replenishedJ attar which the chamber was again eva-
ouatedo After a month of evacuation in lN pota~ium hydroxide 
' . 
solution, the leaching agent was ~hanged to a 27% potassilllJl 
hydroxide solution. The same evacuation procedure was used. 
Activation continued until no reaction occurred when fresh 
leaching ·solution was added. 
C ~ . TEST PROCEDURE 
The procedure used ror determining the electrical char-
acteristics of each electrbde was sat up by the Sun Oil Com-
; 
I 
pany( 32 ) end used here so that the results could be compared 
' 
with their data.. J 
After the activation or leaching process was completed, 
the eleotrical characteristics of~each electrode were deter-
mined using the equiprm nt shown in" Figures 7 and a·. The elec-
trode was quickly mounted in a teflon tt8t cell and immersed 
in a 27% potassium hydroxide solution at a. temperature of 21· -
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FIGURE 7 
ELECiRODE TESTim EQUIPMENT 
A• Hydrogen Source 
B - D. c. Power Supply 
i 
C - Ammeters and Current C9ntrol 
D - Vacuum Tube Voltmeter 
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FIGURE 8 
SF£CIMEN HOLDER FOR·· ELECTRICAL TESTING 
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24° c. The test cell was designed so that hydrogen under 
p~essure could be applied to the back of the electrode 
while the front was exposed to the electrolyte, similar to 
) 
the actual fuel cell operation. ,,, 
The electrode was first purg·ed with hydrogen so that 
vigorous bubbling of hydrogen occurred on the front side of 
the electrode and then the hydrogen pressure was reduced to 
the point where no hydrogen bubbles appeared on the front .. -~ 
./-
·,,. __ / 
22 
side of the electrode. The electrode was permitted to remain· 
in this state until the theoretioal 8omofo of the system was 
reached. Beoause our reference electrode was Hg-H~O, the 
.-
~ 
theoretical e.m.f. of this half-cell would be 0~93 volts. 
When the half-cell had obtained the theoretical e.m.f. 
at zero load, the load was increased and the electrical char-
acteristics were determined for current densities of O, 20, 
,o, 100, 200, and 285 milli-e.mperes per square centimeter. 
The potential was allowed to equilibrate for two min-
utes at each of the current densities before any measurements 
were ·made. At each of the current densities, two measure-
ments were taken: 
(1) the eom.f. of the electrode was read on a Vacuum 
Tube Voltmeter, and 
(2) the IR-drop was read on an oscill4soopeo 
These two voltages were ad4e~ toge:~pe;t in such a manner as to 
;, 
correct the actual eomofo towards the theoretical e.m.f. of 
Oo93 volt~. 
·--i.__.. . ' 
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After the last meastll"ement was taken, the current den-
sity was reduced to zero and the cell was permitted to equili-
brate for thirty minutes. During this period, the e.m.f. 
read on the Vacuum Tube Voltmeter returned to the theoretic&l 
Then the current density was increased to _a constant 
' 
' 
value of 70 milli-amperes per square centimeter and the elec-
trical characteristics were determined as a function of time 
at constant current densityo Cell eom.ro and IR-drop read-
i~a were made at O, 5, 10, 15, 20, and 30 minuteso The 
data were handled in the same manner as before. Arter test-
ing, was completed, t.he electrodes were stored in lN potassiwn 
hydroxide solutiono 
Because the measurements require a constant power sup-
,. 
ply, the load on the cell was a direct current supplied by· 
an Electro Model B Filtered D.C. Power Supply. 
/j 
D. X-RAY DIFFRACTION ANALYSIS 
Powder examination was performed on a G.Eo XRD-4 dif-
\1lj fraction apparatus with &ssoeiated G.E. cameras and aoces-
sories. ( . The diameter of the GoEo camera was 14.32 cm. 
Spindles were prepareti using Pyrex glass in the form of 
drawn fibers of &bout 0.005 inch diameter, the absorptton was 
1...-t _;'.._' ·;-
\ 
found negligible and the glass itself was round non-dirrract-
. v;'f' . ingo The powaer was applied to the spindle using··· a bondi?lg 
agent of oollodion thinned to the desired viscosity with amyl 
acetate. 
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Conoentr1o1ty of rotation in the G.6 •. o~~ra was assured 
by observing the rotation or the spindle in the slit image 
formed on a white background after passing light through the 
ool.l ima.tor from its tube side. 
Kodak Medical No-Screen film w&s used for recording 
difrraotion data. Film processing was performed in Kodak 
x~ray developing and fixing solutions for the times &t tem-
peratures recommended. Films were washed e. minimum of three 
hours and allowed to dry for 24 to 48 hours in still air 
berore measurement. 
Electrode examination was per~ormed on a Siemens Crys-
talloflex IV diffraction unit using a scintillation count·er 
and a direct recording device to record the diffraction data. 
A special holder was Qonstructed to permit the use of a whole 
electrode in the diffraction studies. 
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RESULTS 
A. RESULTS OF ~ECTROpE TESTING 
Electrodes produced from a powder mixture of one part 
by weight Raney alloy and two parts by weight "B" nickel were 
' 
fabricated aooor.1ding to the procedure previously- outlined. 
The actual.fabrication data (compacting pressure and sinter-
• 
ing temjieraturel are given in Table I together with the size 
and weight of the electrode after sintering. The electrodes 
were then activate~ and tested by the previously mentioned 
procedures. Results of these tests are given in Tables II-A 
to II-Po 
I.t had been determined that the theoretical open-cir-
25 
cuit voltage of the hydrogen half-cells being testE\_d should be 
0.93 volts when using a meroury-merourio oxide reference 
r, 
11': t,,lj.;,, ' ' ' . 
electrode o In all tests, the e .m.f o or~·;tthe cell a.p·pro.aohed 
; 
this value before any load w,a.s applied. 
Upon application of a load, the eomof• of the cell 
should become less than this theoretical value due to the po-
larization losseso With the present testing system, it is 
possible to determine· the ohmic pol•rization of the cell and 
thus get an iqea of the magnitude of the activation and con-
'• 
oentrationvpol~¥izat:i.onsP: ·· · This latter could be obtained by 
y. &r ' ' - _- • ) J; ,,,~ ~ "°".,''i ·~~ 
.,_-- :!.~ 
'-.~·-
correcting the ac_~ual eom.f. of the cell back towards the 
~ ,t ~ ...... 
\ .. 't 
:i u . 
theoretical, the dif£erenoe between the corrected e.m.f. and 
the theoretical being due to activation and concentrations.· 
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Table I - Electrode Fabrication Data 
Material: 1 part Raney Catalyst No. 2813 to 2 parts "B" 
nicke-1 
Original Thickness: 3/16" for all Specimens 
Eleo- Compact- Sintering Weight(b) Diameter ( b) Thickness 
trode ing PfeT- Tempera-
sure a ture 
(b) 
DMl-1 15 ,220psi 791±.5°C _ a.~315 g 1.512 in. 0.0965 in. 
' 
JJMl-2 15,280 --775±5 9.2964 - -- 1.4945 0.09725 
DMl-3 15,220 ( C) 750±5 8.6475 1.4.827 0.0875 
DM:2-1 24,960 795±5 1.1625 1.505 0.010 
DM2-2 24,960(4) _ 775*5 6.6548 1.4713 0.061 if-~,. 
~ . . 
DM2-3 24,960 ;750±5 6.5132 1.4775 0.060 
DM2aa4 25,020 775±5 6.6484- 1.486 1 0.062 
DM2-5 35,160 800±5 6.8968 1.484 0.061 
·DM2-6 35,220 775-!5 6.4770 1.4855 
..-C· ' 0.057 
""' l.._,j, .·~,~ '. ,,,_ 
DM2-7 35,200 750±5 6.5130 1.483 0.057 
DM2\.8 15,010 750±5 7 ;5762 1.4985 0.078.5 
DM2-9 14,410 750±5 7 .3135 1.4987 0.0125 
DM2-10 28,730 775±5 7 .2303 1.484 o.·0612 
DM2-ll 24,970 750±5 7.2972 1.481 0.0675 
DM2-12 34.,980 Boot5 7.3675 lo478 0.0637 
DM2 0213 34-,990 775±5 (03473 1.4815 ,.0.0648 
( a) Pres$ure based on initial area. (b) " Measured a.i'ter sinteringa . ( C) Pressure jumped to 16,700 psi at end of cycle. ( d} Pressure jumped to 28,700 psi at end of pycle. 
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Table II-A. ·. Electrode Testing Data. for DMl-1. 
I 
Test at Constant Time (2 minutes) l 
Current Density IR Droe Corrected EMF 
J...; .. "" ',< 
0 ma/om9 o.o volts 0.91 Vl!l~~ 
20 0.185. 0.905 
50 0.235 o.875 
100 0.375 o.875 
200 o.68 o.aa ~. / 
285 0.74 0.740 
Test at Constant Current Density (70 ma/o.m9 ) 
Time IR Drop Corre:cted EMF 
0 mino 0.044 volts o.884 volts 
5 0.260 0.79 
10 o.285~ 0.755 
15 0.31 0.73 
20 0.33 0.69 
30 0.375 0/595 
' . 
' ·t • , . 
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Table II-B. Electrode Test,ing .Data for DMl-2 
l. Test at Constant Time (2 minutes) 
Current Density IR Drop 
0 ma./cm9 o.o volts \ 
20 0.095 
. . ~-- - -
50 0.22 
100 0.35 
2-00. 0.53 
285 r'!' 0.61 
2. Test at Constant Current Dens1 ty 
Time IR Drop 
0 min. 0.040 volts 
0.235 
10 0.235 
15 0.235 
20 0.240 
30 00235 
(70 
Correo tad EMF 
0.93 volts 
o.895 
9.88 
o.885 
o.865 
o. 72 
ma/om•) 
Correo tad EMF 
0.909 
0.84 
o .Bl 
0.79 
0.77 
0.715 
volts 
.. 
r-: -,. . 
, 
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Table II-C. Electrode Testing Data for l!t!l-3 
l. Test at Constant Time (2 minutes) 
-
Current Dens it:y: IR Drop Corrected EMF 
0 ma/om8 o.o volts 0.9\ vol'bs 
2·0 0~54 1.08 
50 0:54· 1.00 -· ,·· -. - '.• -o•,.,-,· • 
0.60 
¥' 
100 o.~'95 
200 0.14 0.90 
28.5 o.84 0.79 
\. 
·} 
2-. Test at Constant Current Density (70 ma/om8 ) 
\ 
'Cori-ebted EMF Time IR Drop 
0 min. o.o volts o.86 volts 
5 min 0.48 o.86 
10 0 .11-1 o.86 
... " 
15 ,,';;I o.45 0.815 
20 
·-~-
-o.46 o.Bo 
,/ 
.. 30 o.46 o.75 
• "·1""" 
-()-
,r __ : 
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Table II-D. Electrode Testing Data tor DM2-l 
1. · Test at Constant Time (2 minutes) 
I 
Current Densitz I Corrected EMF . IR pi'OE 
ma/cma ---o·:,6 vol ts 0.92 volts ' 0 
·ti 
20 
.0.041 o.886 
~' 
...... .--~·~- '""" ,., ' ·--· .. , .. ' ..... ' . 
.. v -~,·,-
,o 0.112 0.882 
',"r. 
100 0.240 0.89 
200 o.58 o.88 
28.5 0.62 o.85 
1 
' 
.. 
2. Test at Constant Current Density (70 ma/cin•) \1 
f 
',1 
I 
I) Time IR Drop Corrected EMF [I 
0 min. 0.040 volts 0.90 volts 
II 5 0.13 0.82 JI • 
,( 
I 
,( 
I 10 0.135 0.79 
,, 
!I 
15 0.135 0.145 
20 0.14 0.105· II :;\ 
I 
\; 
30 0.1, 0.59 
:r . 
,;;. 
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'!'able II-E. Electrode Testing Data.for DM2-2 
... 
1. Test at Constant Time (2 minutes) 
r Current Density IR Drop .Corrected EMF 
0 ma/cm• o.o volts o.·925 volts 
20 0.29 0.93 
50 0.42 o.·93 
100 0.50 o.·93 
200 0.64 0.92 
285 o.ao 0.89 
2. Test at Constant Current Density (70 ma/cm•) 
,,,, ,:tr· ' 
Time 
0 min. 
5 
10 
1.5 
20 
30 
''lo,;" 
. -~. 
.. 
",·, . 
.. , 
IR Dro;e Corrected EMF 
( 
· ,~ 0. 0 volts 0.91 vol t\s 
• '1t 
0.52 0.92 
· .. r 
0.43 0.89 
o.47 0.90 
0.47 0~87 
0.40 0.81 
'9 
31 
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Test II-F. Electrode.Testing Data for DM2-3 
1. Test at Constant 'l!ime (2 minutes) 
Current Density IR Drop 1Correoted »4F 
0 ma/om8 o.o volt£3 0.925 volts 
20 ' ' ' • q 0.30 0.95 
50 0.43 0.93 
100 o.47 0.91 
0.60 o.aa ... .._._.;--200 ···1· •. ,. 
·2a5 0.69 0.19 
-: I 
' 
· .. ·. 
~~\,. 
·-..:,. 
2. Test at Constant Current Density- (70 ma/cm8 ) 
~ 
. ... Time IR DroE Corrected EMF 
' 0 min O.O volts o.89 volts 
0.245 o.85 
10 0.24 0.815 
15 ~s) 0.265 0(80 
. ':<: 
0.285 o .• 78 20 
30 0.305 0.11 
.,. 
j 
ft>. .. 
'.,, Jr~ 
: - .. : ~.· ' ,,. : ~ 
' ~· 
:t 
~ -'. 
J' 
" 
\ 
• ·- ·- --· -·-- ., • ' ' ,-· ~';'j" .. ~ -, ·• • --~,-- ,-· - .. - ... 
•' 
.. 
Table II~G. Electrode Testing Data f'or DM2-4 
:l: 
1. Test at Constant Time (2 minutes) 
t 
0111':rent _Density·· IR Drop ·Corrected EMF 
0 ma/cm2 o.o volts 0.925 volts 
20 0.26 0.90 
50 0.35 0.92 
100 0.45 0.93 
200 o.58 0.90 
28.5 o.66 0.815 
2. Test at Constant Current Density (70 ma/cma) 
Time 
0 min • 
5 
.,,-\ 
10 
15 
20 
30 
.. 
'1 ,.., . 
:_.~ r·· 
··i· 
-~.: 
-~-. 
\j} 
·. "\ .. 
.. 
. ( 
:''\ ' 
IR Drop 
O. 015 vol ~.s 
0.19 
0.195 
0.20 
0.20 
0.20 
'· 
. ' 
·6:\ .. 
> ·. 
Corrected EMF 
0. 9 3 vol ts 
0.825 
0.80 
0.775 
0.165 
o.12~ 
·. ~ . : ' 
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Table II-H. Electrode Testing Data for DM2-5 
1. Test at Constant Time (2 minutes) 
Current Density IR Drop Corrected EMF 
0 ma/om8 o.o volts 0.93 vol~s 
a.,.-.J . 
\i 20 0.31 0.975 
50 0.44 0.96 
100 0.54 . 0.96 
200 o.65 0.92 
285 0.12 0.78 
2. Test at Constant Current Density (70 ma/om•) 
Time 
0 min. 
10 
15 
20 
30 
·i 
:,. ...... ,, ...•. 
·.:-, .. . 
{ 
~ ?'· 
IR Drop 
0.075 volts 
0.19 
0.195 
0.195 
' 
\. 0 .20 
0.205 
--~~: ... , ' 
Corrected EMF 
0.925 volts 
0.83, 
o.a1, 
0.785 
0.16 
0.73 
/. 
.. 
' . 
.. 
0 
35 
• I i 
Table II-I. Electrode Testing Data for DM2-6 
1. Test at Constant Time (2 minutes) 
...,_. Current Density IR Dro;e Co~:reo ted EMF, 
0 ma/om• ( 0.93 volts 0.0 volts 
----
20 0.265 0.945 
50 0.38 0.94 
100 0.54 0.96 
200 o.ao 0.92. 
I 285 0.92 Q.84 (. 
" 
\. 
2. Test at Constan Current Density (70 ma/om8 ) 
Time IR Drop Corrected EMF 
0 min. O.O volts 0.92 volts 
\ \\, 5 0.225 0.835 \ ·~ '\ \ ) 10 0.23 0 •. 815 
i 
') ·; 15 ----:; 0.185 .:1 0.23 
.,· § 20 0~23 0.775 
s 
30 0.235 o. 735 
i' 
.) 
r' 
r 
I 
,. 
} ~. . 
'\ 
Table II-J. Electrode Testing Data for DM2-7 
J'\, 
I 
'-~, 
1. Test at Constant Time (2 minutes) 
Current Density IR Drol?wt 
0 ma/om8 o.o volts 
·20 0.025 
,o 0.015 
100 0.215 
200 0.37 
285 0.46 
~· 
Co:rt'ected EMF 
0.92 volts 
0.86.5 
o.85 
0.865 
0.845 
o.785 
2. Test at Constant Current pensity (70 ma/om8 ) 
Time 
0 min. 
5 
10 
15 
20 , 
.. : 
30 
.. 
IR Drop 
o.o volts 
0.12 
0.125 
0.13 
0.13 
. 
0.13 
Corrected EMF 
0.95 volts 
o.84 
0.82 
o.eo 
o.79 
0.76 
\ __ · .. / __ .: 
·~ .. /·· 
, ..
..r 
• ·~-, -, l·' ' ' 
r 
I , 
' ' . . \i 
-~ .. "-'·'~·.:-···-'i·'"'·"''''"'·,·,··;>-•. , .• >,,,•g,,; ..••. ,•)., .•..•• ,, •• .-. __ .... ___ , ___ •. ,., ...•••. \. 
~-·-· ,._ 
._.. ----
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Table II-K. Eleotrode Testing Data for DM2-8 
1. Test at Constant Time (2 minutes) 
Current Density 
0 ma/oma 
20 
50 
100 
200 
285 
IR Drop 
0.030 volts 
0.225 
0.305 
0.48 
0.13 
! 
-o.86 
Corrected EMF 
0.93 volts 
0.925 
0.91.5 
0.92 
0.91 
o.85 
2. Test at Constant ·Cu?'rent Density (70 ma/om•) 
Time IR Drop Co-rrected EMF 
O min. o.o volts 0.905 volts 
, 0.43 0.90 
10 0.46 o.86 
15 0~47 o.79 
20 0.46 0.11 
30 0.47 0.51 
......_ 
---·-
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Table II-L·. Electrode Testing Data for DM2-9 
· l ~ Test at Constant Time ( 2 minutes) 
Current Dens 1 ty IR Drop Corrected EMF 
0 ma/oms 0.030 volts 0.93 volts 
20 o.o,o o.89 
.,o 0.24 0.92 
100 0.32 0.90., 
200 0.46 0.91 
~·2a5 o.·,6 o.aa 
2 •. Test at Constant Current Density (70 ma/ems) - ... ·., 
Time IR Drop Corrected EMF 
0 min. 0.035 volts 0.905 volts 
5 0.305 0.89 
C, 10 0.33 o.875 
15 o.·325 o.B.55 
r'' ,.,. ': 
20 "I 0 .• 325 o.845 ·"' ~ 
.\ -~ 
., 
,, " 30 0.325 0.82 · :;. 
' 
.... 
:f "-· .... ' - ., ' 
---, 
·~ ··:. 
.-,~-
'' 
Table II-M. Electrode Testing Data for DM2-10 
1. Test at Constant Time ( 2 minutes) 
Current Density IR DroJt Corrected EMF 
-
0 ma/cm• 0.030 volts 0.935 volts 
20 0.029 0.899 
50 0.064 0.879 
100 0.124 Oe874 
200 0.25 a.BB 
285 0·.33 0.82 
2. Test at Constant Current Density (,70 ma/om•) 
Time.-. 
0 min. 
5 
10 
15 " 
20 
30 
~-
-· 
-,·' 
\. . . 
IR D~op ,, 
( . 
' 0.()30 volts 
0.09 
0.09 
0.091 
0 .094-
0.094 
. . r·-J.·, 
. ", , I 
.r 
I 
r-· _,, ,. 
{ 
I 
Corrected EMF 
0.935 volts 
o.86 
o •. ~4, 
0.826 
o.799 
o. 749 ,, 
I 
'--'. 
~- , 
... 
:- -~ , .I•.'• L • 
' . ' 
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TaQle II-N. Electrode Testing Data for DM2-ll 
1. Test at ConstaAt Time (2 minutes) 
Current Density 
0 m.a/oms 
20'·· 
50~-.-/ 
100 
200 
285 
' . 
.. 
IR Drop 
0 .018 vol t_s 
0.0-37 ~ 
0.100 
0.22.5 
o.57 
0.10 
:~ 
Corrected EMF 
0.922 volts 
0.889 
0.882 
0.897 
0.862 
0.132 
" 2. Test at Constant Current Density (70 ma/om2 ) 
Time 
O min. 
5 
10 
15 
20 
30 
-~_-·· .. /. 
-~ 
IR-Drop 
~--· 0.026 volts 
0.195 
0.195 
,. . 
Qs:.195 
0.195 
{ .·I 
. . '( 
·,;r, 
~·~-.;.-~ 
: ).· 
·"' 
Corrected EMF 
0.926 volts 
o.86 
0.82 
0.19 
0,77 
0.715 
·, 
..... 
-· 
I 
:,: 
. .-----------... . 
··. ~ ) . C . 
. ) 
' ' 
.... ~,·~ 
. ;;:. 
... --·---·--··-·-. ··-~···--·-···-~--- .. 
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Table II-0. Electrode Testing Data for DM2-12 
,,. 
1~ Test at Constant Time (2 minutes) 
Current Density IR Drop \ Qpriyected EMF 
0 ma/om11· 0.030 volts 
. ' 0.93 volts 
; 20 0.064 ·0.899 
' 
:1 50 0.21 0.915 
ij 
100 0.315 ....... ,,. 0.915 ;,,f: 
200 0.43 o.aa., 
----; 
') 
285 ·' 0.59 o.84 
2. Te~t a~ Constant Current Density (70 ma/om2 ) 
Time 
' 
· IR Drop Correa,ted EMF 
0 min. o.o volts 0.92 volts 
5 0.15 ~ o.87 
"'\. p, 
·1 10 0.15 0.83 
15 0.15 o ~'815 . 
20 . .,.__ .... ·: 0.15 0.79 ( 
)0 •. , 
• J 
-=:i: 0.15 0.745 
-'.\) .. .. , 
.. :; 
0 
,'--:.· 
41 
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Table II-P. Electrode Testing Data for DM2-13 
\ 
1. Test at Constant Time (2 min~tea) 
2. 
}. . . .. 
U· 
cu~rent Density 
0 ma/oms 
20 
50 
100 
285 
Test at Constant 
\ 
l Time 
5 
10 
15 
20 
30 
) . 
in~ __ j 
. ' 
,fl.'. 
IR Drop ,corrected EMF 
0.030 volts 0 .9 3 volts 
0.032 o.887 
0.084 o.859 
0.19 0.92 
0.76 J, 0.93 
..:. 
Curre1nt Density (70 ma/oms) I . 
IR Drop Corrected EMF 
o.o volts 0.915 volts 
0.108 o.868 
0.116 0.841 
0.138 0.828 
,<. 
0.143 0.818 
/' 
,. ,. . 0.145 o·.13 
' /' ·rf 
..... ~ .,'"'.'I ~'), 
.~, ~-~· . ~ ~ 
. , 
. -~ 
'}-
.'';'·, 
~ .. 
'. I : ~. 
I ' ' 
.l 
" 
\ _.,- J 
' \. 
,, 43 -
The corrected e.m.i'. is found by .adding the ohmic polarization. 
' 
to the measured e.m.f. in a manner mentioned above. 
It oan be noted from the data that electrodes DMl-3, 
DM2-3,· DM2-5, and DM2-6 gave results for the oo·rreoted e.m.f. 
' 
which were larger than the theoretical open~oirouit e.m.f. 
This could be due in part to either experimental error or 
fluctuations in the line voltage. However, it is felt that 
these anomalous results are due to incomplete· activation, 
that is, all of the aluminum had not been removed from the 
electrode and thus gave rise to higher voltages. 
Another anomaly tn the .data appears in the tests at 
constant current density where the ohmic polarization should 
range between that observed for 50 milli-amperes per square 
centimeter and 100 milli-amperes per square centimeter in the 
constant time tests. 
l 
Electrodes DMl-3, DM2-3, DM2-4, DM2-5, 
and DM2-6 all show ohmic polarization losses in the constant 
current density test which ar·e lower than that expeo~ed from 
the constant time tests. Most of these eleotrodel, also showed 
. \. ' 
previously noted discrepancies which are probably due to in-
complete activation. 
In an effort to analyze for these discrepancies, two 
approaches were taken: (l) retest ~he electrodes after they 
;J 
had been stored for several weeks in 1lN potassium;:hyd.roxide 
solution, and (2) make, up new ele~tro"d~·:; .-duplicating the 
fabricati'on procedures of' the electrodes in que;tion. The ·~ ..... , 
new electrodes are labeled DM2-8 to m2-13 inclusive and cor-
respond to the original electrodes as fol~ows: 
- ' . ., .. '--·- .... ' ·------··· ---- ~- ...... ~ ... ·:,· .. -
-·~-
(} 
. -
'j 
·······-·- .. ·--·····---.. • '"'~1,~1. 
'I 
' I 
-
11 
11 
q 
IRl-3 -
DM2-~ -
,,,.. 
- - - DM2-8 and DM2-9 
DM2-ll 
- - -
44 
,, ·,1 
ft 
DM2-5 
DM2-6 
- - -
- -
- DM2-12 
DM2-13 
- -
The results of these electrodes are given in Tables II-K _ 
to II-P. 
In all the tests at constant time, the results showed 
that aotivatio?l had apparently b.een complete as all corrected 
e.m.f. values were below the theoretical e.m.f. Electrode 
DM2-13 showed highly irregular results which ·cannot be ex-
plained. The results of the constant current density tests 
showed that the ohmio polarizations for all electrodes ex-
cept DM2-12 were in agreement with that expected from the 
constant time tests. 
I> 
The dat·a of the retests are given in Tables III-A to 
III-Do The results indicate that the catalyst has deteriorated 
with time but that activation was apparently completed during 
the storage period. This deterioration ag~ees with the re-
sults of Smith, Bedoit, and Fuzak(l7). Ho~ver, the constant 
f t., 
current density, tests still indicate ohmic polar+.zations less 
( 
~han that expected f'rom the constant time tests. 
The data for the constant time tests indicated
1 
(Figures 
9A,B,C,~, and lOA,B,C) that the best results were obtained .from 
i . 
1:: 
tli~ e:lictrodes o ompa:o,ted, at 15 .,ooo or 25,000 psi and sintered 
. 
., 
at 750 or 775° c. "The higher the compacting pressure, the 
higher the sintering temperaturet, or a combination of both, 
;· ___ , 
the less porous will be the resulting electrode. Since the 
.~. 
.:) 
~------------------------------............ --
. l . 
:• 
.az_' 
' ~ .... , .... 
I 
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Table III-A. Retest Data for _DMl-3 
1. Tast at Constant Time (2 minutes) 
C 
-
Current Density IR DroE Corrected EMF 
.. --,_, 
0 ma/om8 o.o volts 0.91 volts 
20 0.082 0.92 
50. jJ 0.20 
-0.875 
.,· 
100 0.25 0.81 
;/ 200 0.30 0.63 . ) 
285 ,/iO .34 0.44 
2~· Test at Constant Current Density (70 ma/oma) 
1.I'ime 
0 
5 
10 
15 
20 
30 
min 
_:/ 
/ I 
' u 
fl) 
'Bk~ 
-~-~ 
IR Drop Corrected EMF 
o.o volts· 0.92 volts 
0.096 0.781 
0.096 0.711 
0.096 0.621 
0.096 ,.r. 0.516 
0.098 0.343 / .0 
'!I' "f- :,. 
l 
l 
:=-•. 
... 
... ,f 
'; 
i 
, 
,•;'. 
.h 
< 
.£ 
Table III-B. Retest Data for DM2-3 
··~ .. 1. Test at Constant Time (2 minutes) 
-Current Density IR Drop Coi-reoted EMF 
0 ma/om" o.o volts 0.92 volts 2-
20 0.023 ., 0.883 
50 , o .068 0.828. 
V 
100 0.14 o.755 
200 0.29 o.~5 l 
(:··,, 
;285 
· 0.36 o.o 
2. Test at Constant Current Density (70 ma,{,4m.sj · 
. " 
-.... 
/' 
:A. 
,/' 
Electrode failed to return to theoretical voltige 
- test) discontinued ~ 
.. yctf··.:.g 
... -_.· . t_tc_· · Y:""· ~-
=-!- . -
.,.. . 
. '· 
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Table I,II-C •. Reteit Data !'or· DM2-4 
l. Test at Constant Time (2 minutes) 
Current Density 
0 ma/cm8 
20 
50 
100 
200 
285 
I 
i 
I t . 
IR Drop 
o.o volts 
0.025 
0.01 
0.144 
0.29 
O .• 3.9 
\ ., 
. . ~-\ ; 
Corrected EMF 
0.935 volts 
0.905 
o.855 
0.809 
0.16 
0.59 
" 
2. Test at Constant Current Density (70 ma/oms) 
Time IR Drop Corrected EMF 
0 min. o.o volts 0.92 volts 
~. 
0 •. 105 o. 77 
10 0.105 o.665 
15 0.105 0.525 
20 0.110 ···-• 'O. 39 
'30 l 0.115 0.135 
''.' ,l' ' 
, I. -~ ' 
47 . . ~? 
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Table III-D., Retest Data for DM2-5 
1. Test at Constant Time (2 minutes) 
Current Density 
0 ma/om• 
20 
50 
100 
200 
285 
-~. 
IR Drop 
o.o volts 
0.102 
0.242 
. 0.412 
0.612 
0.122 
Correo~ EMF 
0.927 volts 
0.907 
0.892 
0.892 
• :: ! ',.":'.' 
0.867 
0.122 
2. Test at Constant ·Current Derlsity (70 ma/ems) 
Time IR Drop Corrected EMF 
0 min. o.o vol ts 0.91.5 volts 
0.16 0.825 
10 0.16 o.Bo 
15 0.16 0.11 
20 0.16 o. 745· 
30 0.16 o.68 
~' 
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FlGURE 9A- COMPARI ON OF CURRENT DENSITY DAtA 
FOR ELE TRODES COMPACTED AT 15000 PSI 
, A1ID- 5tN · RED AT VARIOUS lEMPERATURES · 
o, OM 1-1 791 °C 
:~, o DM1-2 775°c 
0.,95 
· ~ 0,90 en . 
~ 
0 
> ~ 
'!~ 
'.;;, ····• 
§o.so 
~ go~75 
0.70 
0 
A 0M2-a 750°c 
a 
r 
r 
:t 
!, . , 
' ~ 
.:,_··. ,., .. 
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FIGURE 98-COMPARISON OF CLRRENT DENSITY DATA 
FCR ELECTROOES COMPACTED AT 25000 PSI . 
. ANO SINTERED AT \ARIOUS lEMPERAlURES 
0,70 
0 
.. 
i 
,. 
i 
,.: 
0 
6 
0 
o DM2-I · 795 °C 
t_, ' 
o DM2-2 
6. DM2-II 
o DM2-4 
775°c 
700°c 
775°C 
' 
' 
' '\ 
.\·.·.· . 
. 'o 
.. 
. ,' 
J 
50 100 l~0 200 250 
. : CURFENT DENs·1r·y (MA/cM2) 
. ' 
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~ 
·-.•.; 
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FIGURE 9C -COMPARISON-~!- OF CURRENT DENSITY 'DATA .. 
0 
~0.80 
0 ~~ 
8 0.7~ 
0_,70 
0 
• 
FOR .ELECTRODES COMPACTED AT 35000 PSI \ AND SIN t ERED .AT VAROUS TEMPERATUPES 
o DM2~12 800 °C 
D; DM2=13 775 °C 
~ DM2-.. 7 750 °C 
.. 
. '• 
50 100 150 200 250 
CLRFeJT D.ENSJTY (MA/cMz > ~ ~ 
( 
t.,' 
300 
., 
·•'"j' 
; 
\,' 
.f , .. • :-
~ 
f 
•. 
~ ... -
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FIGURE IOA-COMPARISON OF CURRE.NT DENSITY· DATA 
() 
dl 0,90 .· 
._ 
...J 
i 
~0.85 
w 
@ ' 
~ 0,80 
w a: 
er 
0 
/ _ _I \ 0 75 y ''-' .• 
I 
0.70 
0 
' 
. FOR ELECTROOES SINTERED- AT 750:°C AND 
... COMPACTED .AT VAR'IOUS PRESSURES 
/),. DM2- 8 15000 PSI 
·. ': .a DM2-I I 2:000 ~c~-
o DM2- 7 · 35000 
D 
0 
50 100 1,0 200 250 300 
CURRENT DENSITY f}AA/cM2) 
. ., 
-~~_/· 
.• 
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FIGURE 10 8-COMPARISON·t OF CURREN'T DENSITY DATA 
FOR ELECTRODES SINTERED AT 775 °C 
.AND COMPACTED AT VAROUS PRESSURES 
0.95 
0 
~0.80 
~ 
a: 
0 0 o.7s 
0,70 
c DMl-2 1:(()0 PSI 
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FIGURE IOC-COMPARISON CF CURRENT DENSITY DATA 
FOR ELECTRODES SINTERED AT 795 °C 
Af\D CCMPACTED AT VAROUS PRESSURES 
o DMl-1 
o DM2-I 
A DM2-12 
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successful operation of the fuel electrode depends on acer-
tain amount of porosity, one would conclude that lower com-
. I . 
. 
·paoting pressures and lower sintering tempe .. atures would yield 
electrodes of greater porosity and better o er~tional charac-
teristics. 
. 
However, the important part of the tests is that which 
determines the behavior of the electrode operating at a con-
stant load over a period of time (figures llA,B,C and ,l2 A,B.c). 
These results indicate that better eleotro~e properties as 
determined by the decrease in voltage with time occur when 
the eleotr,odes have been compacted at pressures of 25,000 or 
35,000 psi and sintered at temperatures of 750 or 775° c. 
' It was noted in the results given above, that one eleo-
. I trode appeared to·.· be much better than the others: DM2-2. This 
electrode was compacted at a pressure of approximately 25,000 
psi for two minutes and then due to an operational difriculty, 
the pressur~ increased to 28,700 psi for a few second~ before 
being releasedo The electrode was then sintered at 775° C ac-, 
cording to the procedure p;t'eviously notedo The superior re-,. 
sul ts may be explained by the fact that instead or a. s_ingle-
la·yer double-skeleton electrode having pores or a constant 
size, the elect·'rJ?de was a double-layer doubJ.e-skeleton electrode 
with the surfaces having smaller pores than the interior of the 
electrode. L This is the result of ~the application of the high 
pressure for a short time whioq __ ·~·~ay affect only the surf'ace. 
According to Justi(l7) and Bacon(?), this type of electrode is 
~,\ 
superior to single-layer electrodes because it minimizes the 
"\, 
' 
\ . 
. I 
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' 
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AT .15000 PS.I AND SINTERED AT VARIOUS 
TEMPERATURES 
I I 
i 
0.95 
o DMl-1 791 °C 
c DMl-2 775 °C 
1:. o·M2-a 750cc 
Q.85 
,-. 
en 
!J 
~ o~~ 
..._, 
LL 
~ 
w 0.75 
§ I j I 
u ~ 0.70 .,.<:;./ 
a: 
0 
0 
Q.65 \ 
Q.,60 
< • ' 
J 
" ~' \ . 
, .. 
~ '.•/ 
055~------+-------+-------_...,_ ______ ,..__ ___ --+-___ ----t 
0 5 IO I 5 
TIME AT LOAD 
/ .,,. 
I 
·• 
20 
(MINUTES) 
25 30 
" 
.. 
56 · .... 
I 
. . \ 
~ 
I 
I 
. I 
I 
• 
I 
I 
I 
I 
1! j 
~ 
.... 
'," -:· . 
! '•'"''•·' ........ . 
. l . 
. ' . 
FlGLRE 11 B-DECAY OF ELECTROOC PROPERTIES WITH 
TIME AT LOAD FOR ELECTRODES COMPACTED 
0.95 
0,85 
~ 0,75 
w 
0 
w 
1- 0,70 
w 
a: 
a: 
. 8 0.65 
0,6·0· 
' 
AT 25000 PSI AND SINTERED AT VARIOUS 
TEMPERATURES· 
o DM2- I 795cc 
a DM2-2 775°c 
6 DM2-II 750°c 
oDM2-4 775°c 
,· 
'-" r\i,{- ~-/ 
,.,, .. , -O·~s---------+--------~--..!..-------____.~-----~~ ......... --------t,..J - '·c-'I ·, 
,:~:-;' 
,, -,, ' 
0 5 10 15 20 25 30 
TIME AT LOAD (MINUTES) 
..•. 
57 
I I 
' . 
' . ' 
-·· 
~·-~· 
· . ~ . FIGURE --u C -DECAY OF ELECTRODE PROPERTIES WtTH 
· TlfvE. AT LOAD FOR·. E · :··s CO~TED 
·'· 
0,95 
0.90 
0.85· 
LL 
~ 
W 0.75 
§ 
h3 0,70 
0: 
a: 
0 
u 
0,65 
0.60 
AT 35000 PSI AND SIN f ERED· AT VARIOUS· 
TEMPERATURE 
' . 
o DM2-12 800°C 
a DM2-13 775°C 
A DM2- 7 750°C 
.... 
_.--, 0.55----+----t-----+-----1-----1-----1 
0 5 10 15 20 25 30 ~I 
TIME AT LOAD (MINUTES) 
:,;,. 
, 
., 
I 
: 
! 
:,11 
I 
•, 
··::,1 
,ii 
r 
b 
:b 
110 
:10 
,I 
i~ 
I, 
r :1 
Ir 
ii 
f' 
1
1
1 
! 
t 
, 1 
·~ 
'· 
FIGURE 12A-DECAY CF ELEcif"RooE PRCPE~TIES WITH 
0.85 
,... 
C/) 
~0.80 
~ 
"--' 
LL 
~0.75 
8 
t-
trlo.70 
a: 
3 
0 
Q.65 
TIME AT LOAD FOR ELECTRODES SINTERED · . 
AT 750°C AFTER COMPACTlf\G AT VARIOUS 
PRESSURES. 
o DM2-8 
a DM2-l 1 
;@':' -~ DM2-7 
15000 PSI 
25000 
3:ax) 
.. . . 
0~5---------t---~~-----+----~~----+--------t 
t) 
-- 0 5 IO 15 20 2~ 30 
TIME AT LOAD {MINUTES) 
. ~. ' I, 
r ·-·· .. 
--
' . 
,;. •,., 
• •• i. • 
. ~ . ' 
¥ 
.. 
FIGURE 12 B - DECAY OF ELECTRODE 'f~Cf'ERTIES WITH 
TIME AT LOAD FOR ELECTRODES SIN.TERED 
AT ·T15°C AFTER COv1PACTfNG AT VAROUS 
, 0.95 
0.85 
LL 
~ 0.75 w . 
0 
~ u 0.70 
LiJ 
a: 
er 
0 
U 0.65 
0.60 
PRESSURES ~-~ 
.,· 
o DMl-2 . 15000 · PSI 
o .DM2-2 · 25000+ 
~ DM2-4 25000 ,, 
O DM2-13 3eax,~ 
''""'\ 
\ 
!, 
:". ;, . 
Q,55~-----" -..,.....+--'.(.;;;......·'e,., ---+-~--1-------+--~----1 
0 5 10 15 20 , 25 · 30 
TIME AT· LOAD (MINUTES) 
"60· . 
........ ~-
" t~.-
'·f 
.. ,. 
,• 
' ,\ 
) I , ... 
i 
., 
···) 
/ 
.. . ii 
. .. -.·: ;.:it,. lo- '.I • . ' 
FlGLRE 12C -DECAY OF ELECTRDE PROPERTIES WITH 
Tl~ AT LOAD FOR ELECTRODES SINTERED 
_ ,, ____ . , AT . 7. 95 °C AFTER COIIPAC. TING AT VAROUS FRESSUR[S · · . . 
o.95 
0.90 
,... 
ti) 
~ 
0 0.80 
> 
~
LL 
~ 
W 0.75 
0 
w 
t-
h3 0~70 
a: 
a: 
0 
u 
0.65 
. 0,60 
o DMl-t .15000 PSI 
o DM2-I 25000 
., 
6. DM2-12 35000 
0.55 ,__· --t------+----+-------+----+----4 
0 5 10 15 20 2~ 30 
-~ TIME AT LOAD (MINUTES) 
• I 
, I 
' . 
" 61 
·(o; 
. ( 
0 •• 
l . 
-. 
amounts or fuel and electro~yte which migrate completely 
through the electrode, -and thus minimize any "flooding" of 
·the electrode. 
As a.further test, electrode DM2-10 was compacted at 
·28,730 psi and sintered at 775° C in order to check the re-
sults of electrode DM2-2. In both the constant time and oon -
stant current density tests, the results indicate a better 
eleotrode than all except DM2-2 and thus lead one to a better 
approach to the fabrication of electrodes. 
B. RESULTS OF X-RAY DIFFRACTION STUDIES 
Powder diffraction patterns of the Raney Alloy No. 2813 
show that it is a two phase alloy o omposed of NiA13 and 
~~9 -13 @ This is in agreement with the data presented in the 
}!terature<24) (33-35) for a Raney alloy of ·50 · weight per cent 
\ Initial activation of loose Raney powder using 6N po-
tassium hydroxide solvent for the aluminum resulted in a cata-
lyst whose powder pattern showed it to be faoe-oentered-oubic 
nickel. Aluminum may have been present but in su~ small quan-
tities that it eroduced no diffraction pattern. This is in 
agreement with the-work of Kokes and Emmett(lB-l9) which is 
presented in Table IV and with that of Lainer and KaganC36). 
That the structure was noted to be faoe-oentered-oubio is attri-
buted to the fact that no attempt was made to control the=tem-
perature of activation and at higher temperatures, the cata-
lyst lattice has been reported( 33) ( 35) to "collapse" to a .faoe-
centered-oubic struotureo 
~;::::.,.~· ,, 
··-·· I:, 
.r 
' \ -· . .. . ' 
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Table IV. Lattice Parameters of Activated Raney Catalyst 
Component 
Nickel 
Activated Niokel(b) 
(1) Initial 
(2) Degassed 
Activated Catalyst 
No. 2813 
Structure 
too 
foe 
t'co 
!'co 
r,i /' ~ 
Lattice Parameters 
Li te;-ature ·Experimental (a) 
a=3.532i 
a=3.535l 
' 
(a) Average of several patterns 
(b) Kokes and Emmett, 'f~ Am. Chem. Soo. ~ (1959) 5032 
'! 
, .. 
•. ii 
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./ 
,· 
~-. \ 
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,. 
/' /. . 
. 
""··' '' . 
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A seoond batch of loose Raney alloy was activated 
using :1t)N potassium hydroxide solvent. The temperature of 
activation was maintained below.50° C. · After activation 
_was completed, a sample was taken for X-ray diffraction ana-
lysis and the remainder stored in a weak alkaline solution 
until required ·ror testing. X-ray data for·. the activated 
sample is listed in Table V. 
After a. short time, samples of this activated cata-
lyst were taken for a deactivation study. ·rt has been .re-
ported(l 7} (33) that upon heating, the catalyst deteriorates. 
Samples were placed in a drying oven and heated in air for 
thirty minutes at temperatures ranging from 75 to 200° C in 
order to deactivate the catalyst. After the deactivation 
treatments, X-ray diffraction patterns were taken to deter-
.. .,..,_ 
mine the effect of deactivation temperat!re on the catalyst 
:'-, 
structure o 
Analysis of the powder patterns showed that ni~kel of 
face-centered-cubic structure was present in all deactivated 
samples. It was noted that at deactivation temperatures 
.._., 
.•. 
above 125° C, the nickel began to oxidize 0 It was also noted 
~r. 
that evidence of the presence of small traces of N1Ala could 
be detected. This indicates that the activation was not 
complete as would be expected since the maximum aetiv)it'ion 
temperature was 50° Co 
Figure 13 and Table V show the "collapse" of the oata-
lyat structure with deactivation temperatureo The nickel lat-
tice parameter of the catalyst increases until it approaches 
, .. ,,~ 
) 
. , 
~·.-~--
... 
;•; ..... 
. '( ' 
Table V. Temperature Dependent Deactivation Structural Analysis of Ranex Catalyst No. 2813 
Catalyst Condition dlll Nickel a 0 ( Nickel) a 0 (average) 
Activated 
75°0 Deactivated 
l00°C Deactivated 
125°c Deactivated 
1.50°0 Deaotivat~q. .... 
( . 
175°C Deactivated 
200°C Deactivated 
2.026oi 
2.0286 
2.0260 
2.0306 
2.0299 
2.0286 
200299 
2.035'8 
2.0299 
2 • o 3_7S~··,,,, 
2 .0332 
2.032{, 
2-.0326 
'· 
•. 
..... 
0 3.509A 
3.514 
3.509 
3.517 
3 .• 516 · 
3.514 
3.516 
3.526 
3.516 
3.529 
3.522 
3.520 
3.520 
Deactivation time was 30 minutes for all samples. 
3.5091 
3.520 
Iron K~ Radiation used for all diffraction patterns. 
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the lattice parameter of normal pure nickel and then decreases • 
. ·~ i{ This··" oollaps ing" of the structure is in agreement with pub-
1 ished literature.(18-20)(33)(35) 
A second deactivation test was1 studied to determine 
II · 
the effect of time at deactivation t~mperature on the oata-
~; 
lyst structure. Aft~r activation, a sample of the catalyst 
was taken for X-ray diffraction structure analysis (results 
given in Table VI)· and deaotivati.on . was starte.d immediately. 
Samples were removed periodically for X-ray diffraction 
structure analysis. 
X-ray diffraction analysis of the samples showed that 
the activated material and all deactivated samples, except 
the six-hour deactivation, contained NiA1 3 and faoe-oentered-
oubio nickelo In general, it appeared that the amount of 
NiA13 decreased with increasing time due to the additional 
leaching effects. 
J tr The X-ray data were then analyzed for the variation ~ 
of lattice parameter of nickel based on the 111 plane spaoing 
as a function of deactivation time (Table VI). A graph of · 
these data (Figure 14) shows that the maximum in lattice para-
meter occurred I-after thirty minutes a.nd then a decrease in 
parameter indicating the lattice 11 collapse"o 
After storage in lN potassium hydroxide solution, X-ray 
diffraction patter~s of the electrodes which showed irregular 
electrical results (DM2-3, DM2-6, DM2-12, anq DM2~13) all 
\. 
showed th$ material to correspond to faoe-oentered-oubic nickel. 
'' 
.. 
~ 
. .• 
" 
~-· ' 
Table VI. Time De:pendent Deactivation Structural Analysis 
of Raney Catalyst No. 2813 
Catalyst Condition d111 (Niokel) a0 {Niokel) 
Activated 200254.A 
2.0314 
15 min. Deactivated 2.0352 
2.0}~2 
30 ~in. Deactivated 2.0339 
2.0392 
60 min. Deactivated 200319 
2.0273 
120 minoDeaotivated 200306 
2.0293 
240 min.Deaotivated(a) 
2.0234 
2.0254 
360 minoDeaotivated(a) 
2.0215 
2.0209 
3o5o81 
3.518 
3.525 
3,528 
3.523 
3.532 
30519 
3.511 
3.517 
3.515 
3.501 
3.500 
, 0 ( average). 
~ (a) Results subjeot to question as container failed and· 
1 
may have contami~ted catalyst. 
Deactivation temperature is boiling point of 6N KOH 
solution (110-115° C) 
Iron Koc radiation use for all diffraction patterns • 
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. There was no indication of intermediate aluminum-nickel phases 
tiielng present, thus ,indicating that activation bad- apparently 
been oompleted. From this, it appears that the irregularities 
were the properties developed by the various compacting and 
sintering treatments. However, aluminum._ may have been present 
in the form of a solid solution with nickel. This would re-
sult in a slight increase in the lattice parameter of nickel 
but would not produce any extra diffraction lines. ,, 
Thus, a .further explanation of the irreg\J:larities in ~-
the electrical properties may be that there were-various amounts 
of_ aluminum in solution with nickel and this had the s·ame ef-
,...;-·-~-·-
feet as incomplete activation. 
~-
/( 
,, , l. 
,,. 
I 
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CONCLUSIONS AND RECOMMENDATIONS·ii· 
From the results ·presented in the previous_ section, 
it would appear that a double-layer doubla~skeleton-catalyst 
electrode will perform more satisfactorily under the test 
conditions described than will a single-layer double-skeleton-
oatalyst electrode. This is shown in the data of electrode 
DM2-2 and agrees with the literature(?) (l?). Also, from the 
powder metallurgical variables studied, an electrode com-
pacted at a pressure of 28,700 psi and sintered at 775° C 
will be seen to have maximum operating characteristics for 
the singularly-pressed electrodes and is second only to the 
double-pressed material. However, this does not mean that 
such an electrode will have the maximum possible operating 
oharaoteristios. 
It is recommended that future work should expand the 
study of the powder metallurgical variables involved in the 
fabrication of electrodes for use in fuel cells to include 
a more comprehensive study of compacting pressure, including 
double pressing, and sintering temperatures. In addition, 
such work should also include a study of the effect of sinter-
ing time and atmosphere, composition of the Raney alloy and 
the supporting skeleton, and the grain sizes of the Raney 
alloy and the supporti~ skeleton, on the ,perating oharac~ 
"' 1' 
- ...... ~ ' 
,,! _;. ~ 
,_ t:~ , 
teristios of the fuel electrodes. 
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